Introduction
Hydrogenases are enzymes that catalyze the production and consumption of hydrogen [1] [2] [3] [4] [5] [6] . Hydrogenases were discovered as early as 1930's, but their crystal structures have only been known in the last two decades [7] [8] [9] [10] [11] [12] [13] . Based on the structures of the active sites, hydrogenases are classified as [FeFe] -, [NiFe]-and [Fe]-hydrogenases [1, [4] [5] [6] .
The crystal structures of [FeFe] -hydrogenase were first determined in 1998 and 1999, and showed an active site made of a homodinuclear Fe 2 (CO) 3 (CN) 2 core bridged by a SCH 2 XCH 2 S (X = CH 2 , NH or O) dithiolate ligand (Figure 1 , left) [7] [8] [9] . Since then, its structure and mechanism have been subjected to many studies [14] [15] [16] [17] [18] [19] . In 2013, Berggren et al. introduced three synthetic complexes [Fe 2 (SCH 2 XCH 2 S)(CO) 4 (CN) 2 ] 2 into the apoprotein of [FeFe]-hydrogenase, and only the semi-synthetic enzyme with X = NH was active [20] . This result provided a strong confirmation that the bridging dithiolate ligand in the active site of [FeFe] -hydrogenase is an azadithiolate [20] [21] [22] .
The crystal structures of [NiFe]-hydrogenases have been extensively studied by FontecillaCamps et al. [10] [11] [12] [23] [24] [25] . The active site of the oxygen sensitive [NiFe]-hydrogenases consists of a heterodinuclear [('S') 2 Ni(µ-'S') 2 (µ-X)Fe(CO)(CN) 2 ] (S = Cysteine, X = O or OH) fragment (Figure 1, middle) . Recently, the crystal structure of a standard [NiFe] hydrogenase at 0.89 Å resolution [26] . Both [FeFe] -and [NiFe]-hydrogenases catalyze the reversible conversion of H 2 into protons and electrons (eq. 1). Figure 1 . The active sites of three types of hydrogenases [7] [8] [9] [10] [11] [12] [13] .
The [Fe]-hydrogenase is unique in both structure and activity. The active site of [Fe]-hydrogenase contains only one Fe center coordinated by one cysteine sulfur, two cis-oriented CO, and a bidentate guanylylpyridinol ligand (Figure 1 , right) [13] .
[Fe]-hydrogenase does not catalyze the hydrogen production and activation reactions described in eq. 1. Instead, it catalyzes the hydrogenation of methenyltetrahydromethanopterin (methenyl-H 4 MPT + ) to form methylenetetrahydromethanopterin (methylene-H 4 MPT) and proton, respectively (Scheme 1) [4-6, 27, 28] Hydrogen is a clean energy carrier and an important chemical reagent. The impressive catalytic activity of hydrogenases has inspired a large body of biomimetic chemistry of hydrogenases [4, 16] . While many models can catalyze the hydrogen evolution reaction, very few of them can mediate or catalyze the reverse reaction, the hydrogen activation. This article reviews the current state of biomimetic hydrogen activation. Although several reviews on hydrogenases and their models have been published [4] [5] [6] [27] [28] [29] [30] [31] , this topic has not been exclusively covered.
Reactions of [NiFe]-hydrogenase models with hydrogen
Since the determination of the crystal structure of [NiFe]-hydrogenase, many synthetic models of its active site have been synthesized [4-6, 31,32] [36] . Very recently, Matsumoto and co-workers published the theoretical study on this activation of H 2 with the Ru-Ge complex [38] . A breakthrough was made by the Ogo group when they synthesized complex 
Reactions of [FeFe]-hydrogenase models with hydrogen
While the structure of the active site of [FeFe]-hydrogenase was first revealed at the late 1990s [46, 47] , a primitive structural model, dithiolate-bridged hexacarbonyl diiron complexe [(µ-SEt) 2 Fe 2 (CO) 6 ], was reported already in 1929 [48] . Modern models contain additional cyanide, phosphine or carbene ligands. Many models mediate or catalyze proton reduction to form H 2 , however, only a few models can split or oxidize hydrogen.
Diiron models without an internal amine moiety
Treatment of the bridged dithiolato complex (µ-pdt)[Fe(CO) 2 [49] .
A series of similar complexes, (µ-R) 2 [Fe(CO) 2 (PMe 3 )] 2 , (R = SEt, SCH 2 CH 2 S, SCH 2 C 6 H 4 CH 2 S) and their protonated derivatives were studied by Darensbourg and coworkers [50] . The different thiolate ligands had no effects on H/D exchange. Therefore, the sulfur ligands are unlikely proton acceptors in H 2 cleavage. Instead, these ligands are present due to bioavailability. Meanwhile, two mechanisms were proposed for the H/D exchange on 22 (Scheme 11). Scheme 15. Reaction of 29 with H 2 [53] [54] .
Among these diiron model complexes without an internal amine moiety, complexes 22 and 23 can catalytically cleavage H 2 , while complexes 24 and 29 can only react with H 2 in a stoichiometric manner. None of these models are reported to oxidize H 2 into protons.
Diiron complexes with an internal amine moiety
[FeFe]-hydrogenase has an active site made of a diiron core bridged by a 2-aza-propane-1,3-dithilate ligand. The internal amine nitrogen of the 2-aza-propane-1,3-dithilate ligand is an important proton acceptor for heterolytic cleavage of H 2 [55] . Thus, many model complexes containing an internal amine moiety have been developed. [56, 57] . These results suggest that heterolytic hydrogen activation was assisted by the azadithiolate ligand. + and 10 4 -fold faster than that by complex 31c in the absence of an oxidant. Kinetic study indicates that H 2 binding is the rate-determining step in these reactions. 2+ reacted with H 2 through proton-coupled electron transfer to give the bridging hydride complex 37 [59] . The FcP* ligand was reduced by one electron and a heterolytic H 2 cleavage pathway was proposed (Scheme 18). Whereas 31c can only stoichiometrically activate H 2 , the dication 36 2+ could act as a catalyst for the oxidation of H 2 in the presence of excess oxidant and excess base, although the rate is only 0.4 turnover/h. 3 as base [62] . Analogous complex [(µ-pdt){Fe(CO) 3 }{Fe(CO)(dppp}] (39) lacking an internal base on the phosphine ligand didn't react with 1 atm H 2 under similar conditions. A proposed mechanism for H 2 oxidation is shown in Scheme 19. It was noted that the catalytic activity of complex 38 for H 2 oxidation was unchanged in the presence of 2% CO. Scheme 19. Proposed mechanism for H 2 oxidation catalyzed by complex 38 [62] .
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Bio-inspired complexes with an internal amine moiety
Inspired by the pendant SCH 2 NHCH 2 S ligand in the active site of [FeFe]-hydrogenase, DuBois, Bullock, and co-workers developed a series of functional models of bis-diphosphine nickel complexes with pendant amines that are active for either/both H 2 production or/and H 2 oxidation. [63] [64] [65] ] exhibited similar functions even in water [67] . (44) [68] . 44 is an electrocatalyst for H 2 oxidation with low overpotentials of 160-220 mV, and its turnover frequencies reached to 0.66-2.0 s -1 , which was the highest for iron complexes. [4, [27] [28] 71] . Some selected examples are shown in Figure 2 , and several of them have very similar structure with the [Fe]-hydrogenase [72] [73] [74] [75] [76] [77] [78] [79] . However, until now, none of the [Fe]-hydrogenase models can activate H 2 , even those structurally very similar to the enzyme. The substrate methenyl-H 4 MPT + and the protein environment are likely required for H 2 activation. A recent theoretical study on this [Fe]-hydrogenase models offers suggestions on how H 2 activation might be achieved through incorporation of synthetic ligands [80] . 
Conclusion
Among hundreds of structural models of hydrogenases, only a few can activate H 2 . These models and their reactions with H 2 are summarized here. Only a small portion of these H 2 -activting model complexes, including complexes 1a, 11a, 12, 22, 23, 36, 38 , can do it in a catalytic manner, which is important not only as more faithful mimics of hydrogenases, but also relevant to practical applications. Most models only mediate or catalyze heterolytic H 2 cleavage without involvement of redox processes. This type of H 2 activation is certainly relevant to the reactions of hydrogenases, and can have important applications in hydrogenation and H/D exchange reactions. However, an unique function of [NiFe]-and [FeFe]-hydrogenases is the oxidation of H 2 into protons, which is relevant to energy conversion in fuel cells. So far only models 12, 31c, 36, 38 are able to convert H 2 into protons in the presence of an oxidant. On the other hand, the bio-inspired models developed by DuBois, Bullock, and co-workers (e.g., complexes 40 and 44) are quite active for catalytic H 2 oxidation. Some of these complexes have been integrated in fuel-cell-like devices [81] . Looking forward, more catalytically active model complexes of hydrogenases, for both hydrogenation and hydrogen oxidation reactions, remain to be developed.
The chemistry summarized here provides insights into the reaction mechanism of hydrogenases and lays important foundations for the development of bio-mimetic H 2 -activating complexes. However, the application of bio-mimetic compounds in catalytic hydrogenation reactions is largely unexplored. The bio-mimetic hydrogen catalysis is expected to be a fruitful research topic in the near future.
